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Abstract
A large number of industrial chemicals produced today come from petroleum-based
feedstocks. With these feedstocks dwindling, it is necessary to develop alternative ways
to produce these chemicals from biorenewable feedstocks. The move from the current
petroleum-based chemical industry to a biorenewable chemical industry will build on a
current platform chemical approach, where a small number of key chemical intermediates
produced from biorenewable sources will serve as the platform to produce a broad range
of chemical products. Since carbon is necessary to produce these chemicals, biomass, with
its short formation time, must become the feedstock for the chemical industry. Since the
new feedstock is in aqueous phase the catalyst supports used currently in the petroleumbased chemical industry, such as silica and alumina, will not work because they are not
hydrothermally stable. Silica and alumina are used as catalyst supports because they are
mechanically stable, have large surface areas, and synthesis methods are well established
but they tend to react with water and lose their integrity during aqueous phase reactions
at elevated temperatures. Mesoporous carbons are an attractive alternative to mesoporous
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oxides because they are thermally and chemically stable except in the presence of oxygen.
The problem with these mesoporous carbons is they lack mechanical strength and their
pore structure cannot be as easily tailored as that of the oxide supports.
The central objective of this work was to integrate the benefits of both the mesoporous
oxides (mechanical stability) and the mesoporous carbons (thermal and chemical stability) to produce hydrothermally stable catalyst supports. The approach used to combine the
benefits of these supports was to deposit a thin layer of carbon within the pores of a mesoporous silica. By doing this, the mechanical stability of the mesoporous silica was retained
and the support became thermally and chemically stable due to the thin layer of carbon on
the silica support. The characterization techniques used to analyze the carbon-coated silica
supports were FTIR, DRIFT, TGA, TEM, STEM, EFTEM, HRTEM, nitrogen adsorption
surface area analysis, and hydrothermal treatments. This study successfully showed carbon from different precursors could be bound to the surface of Stöber spheres, a model
silica support, and to the surface and within the pores of SBA-15, a mesoporous silica.
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obtained. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.2

21

Proposed schematic of coating Stöber spheres with sucrose: left) Stöber
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heated to 400◦ C in N2 and red) Stöber spheres coated with DN heated to
800◦ C in N2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xv

33

List of Figures

4.6
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Glossary
ATR

Attenuated Total Reflectance uses the infrared beam to sample the surface
of the material of interest by internal reflection of the light. The sample
of interest is then placed on the surface and the infrared light penetrates
the surface via the evanescent field.

BET

Brunauer-Emmett-Teller surface area of a sample is determined using a
modified Langmuir’s mechanism. The key assumption used to derive
the BET equation is that the successive heats of adsorption for all layers
except the first are equal to the heat of condensation of the adsorbate. The
BET isotherm works best for physisorption of non-microporous surfaces.

BJH

Barrett-Joyner-Halenda method uses nitrogen adsorption data to calculate
the volume and area of porous adsorbents. This method is used to calculate the mesopore distribution of the pores of the mesoporous material
being analyzed.

DRIFT

Diffuse Reflectance Infrared Fourier Transform occurs when light impinges on the surface of a material and is partially reflected and transmitted. Light that passes into the material may be absorbed or reflected out
of the cell again. The radiation that reflects from an absorbing material
is composed of surface reflected and bulk re-emitted components, these
summed are the diffuse reflectance of the sample.
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Glossary

EFTEM

Energy Filtered Transmission Electron Microscopy is a technique used
in transmission electron microscopy where only electrons of a particular
kinetic energy are used to form an image and all other energies are filtered
out. This technique was used to aid in chemical analysis of the carboncoated silica samples in this study.

FTIR

Fourier Transform Infrared measures the vibrations in the infrared region
of the electromagnetic spectrum of the functional groups on the surface
of the sample of interest. With this technique infrared light is guided
through an interferometer and then through the sample.

HRTEM

High Resolution Transmission Electron Microscopy is an imaging mode
of transmission electron microscopy that images the crystallographic structure of a sample at the atomic scale. This imaging technique was used to
image the crystallographic structure of SBA-15 in this study.

Macroporous

Porous material with pore size of > 50 nm.

Mesoporous

Porous material with pore size of > 2 nm and < 50 nm.

Microporous

Porous material with pore size of < 2 nm.

SEM

Scanning Electron Microscopy uses a focused electron beam (usually low
energy, 2-20 kV) to image a sample. The image mode used in this study
was secondary electron which gives surface information about the sample
of interest.

STEM

Scanning Transmission Electron Microscopy is a type of transmission
electron microscopy where electrons pass through an ultra thin sample.
This technique is different because an electron beam is focused into a
narrow spot which is then scanned over the sample in a raster.

xxi

Glossary

TEM

Transmission Electron Microscopy uses an electron beam that is transmitted through an ultra thin sample, interacting with the sample as the
electrons pass through. An image is then formed from the interaction of
the electrons transmitted through the sample and the image is magnified
and focused onto an imaging device, such as a CCD camera.

TGA

Thermogravimetric Analysis measures the weight loss of the support over
time and temperature in a controlled atmosphere. Measurements are used
mostly to determine the composition of the material and to predict the
thermal stability of the material at elevated temperatures.
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Chapter 1
Introduction

1.1
1.1.1

Introduction to the Chemical Industry
Petroleum-Based Chemical Industry

Since the time that fire was tamed, all civilizations have relied on the ability to harness
energy from available sources to manufacture physical entities. Before the 20th century,
the majority of these physical entities were either produced from biologically-based products or from inorganic materials (i.e. metals, alloys, stone, etc.). Although, beginning with
coal during the 18th century, society has increasingly relied on non-renewable, fossilcarbon deposits for the generation of these materials. This dependence has expanded into
other forms of inexpensive and abundant fossilized carbon, such as petroleum oil and natural gas. Now during the 21st century we come to expect carbon-based chemicals and
materials.
The synthesis of inexpensive chemicals from fossilized forms of carbon (e.g. oil, coal,
natural gas) has dramatically altered society over the last 150 years through their broad
applications, ranging from cosmetics to plastics. However, the approach currently being
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used to produce these carbon-based chemicals is inherently non-sustainable because the
feedstock being used requires a long period of time and a large amount of pressure to form
naturally below the earth’s surface. A truly sustainable chemical industry will be created
when the timescale of the feedstock formation matches the timescale of its utilization to
make chemicals. Since carbon is necessary to produce these chemicals, biomass, with its
short formation time, must become the feedstock for the chemical industry. Unlike the
need for energy production, which can potentially be addressed by a range of technologies
such as nuclear, solar, wind, etc, but production of carbon-based chemicals does not have
renewable options other than biomass.
Products produced from industrial chemicals have become common in society today
because the constituent chemicals are manufactured at very high efficiency, leading to very
low costs. This efficiency is driven by high-yield conversions of the feedstock hydrocarbons and highly optimized chemical manufacturing processes. If the chemical industry
is to move to a biomass feedstock without a significant cost disruption, an efficient production paradigm will need to be developed that allows inexpensive and efficient processing of inexpensive feedstocks. Biomass meets the requirement for being an inexpensive
feedstock. While a number of biorenewable industrial chemicals, such as glycerol, lactic acid, and 1,3-propanediol, have been commercialized. No comprehensive production
framework exists yet for the manufacturing of chemicals from inexpensive biomass. This
situation is in contrast to the petrochemical industry, where the production of industrial
chemicals is highly integrated [6].

1.1.2

Biorenewable Chemical Industry

By analogy with the current non-renewable chemical industry a successful biologicallybased chemical industry will build upon the platform-chemical approach. In the platformchemical approach, a small number of chemical intermediates are first produced, and each

2
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of these are subsequently converted to a large number of chemical products [7, 8]. Werpy
and Peterson presented a list of 12 chemical products that have particular promise as biologically derived platform chemicals and this list was based on technical evaluations and
inputs from industrial experts. A common feature of the platform chemicals selected in
this report is that their synthesis route (either via a biological process or via a chemical
conversion from a biological precursor) is known. Although, in most cases, these production routes for these platform chemicals are not of sufficient efficiency yet to become
economically viable [8].
Most of the platform chemicals proposed by Werpy and Peterson can be produced by
fermenting sugars. Thus production of these platform chemicals could be co-located at
manufacturing facilities that also produce biofuels. The co-production of biologicallybased chemicals and biofuels at a single site is called a bio-refinery, analogous to crude
oil refineries, where both fuels and platform chemicals are co-produced. An example of a
bio-refinery that already exists is a corn wet mill, which co-manufactures products such as
ethanol (as a biofuel), and proteins, lactic acid, and maltodextrins. The co-manufacturing
of biologically-based chemicals and biofuels provides a means of integrating feedstock and
by-product handling, management of energy requirements for the manufacturing plant, and
sharing of utility resources, which will ultimately provide the optimal economic conditions
for low-cost production of both biofuels and biological-based chemicals [6].

1.2
1.2.1

Motivation
Hydrothermally Stable Catalyst Supports

Since biomass will be the primary feedstock for the bio-refinery, a hydrothermally stable
catalyst to convert the biomass into key chemical intermediates will be needed because
biomass is in the aqueous phase. Common oxide catalyst supports such as silica and
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alumina will not work well under aqueous phase conditions [9]. It has been shown in
Datye’s group in collaboration with Dumesic’s group at the University of Wisconsin that
mesoporous silica (SBA-15) is not hydrothermally stable [10]. The SBA-15 was imaged
with scanning transmission electron microscopy (STEM) of the as-prepared sample and
of the hydrothermally treated sample in water at 200◦ C (Figure 1.1). The as-prepared
SBA-15 had a pore diameter of 5.5 nm and had a surface area of 959 m2 g−1 . The asprepared SBA-15 was then hydrothermally treated to 200◦ C in water for 12 hours and the
surface area decreased dramatically to 30 m2 g−1 . This decrease in surface area was due
to grain growth and sintering of the silica support. This result has shown that SBA-15 is
not hydrothermally stable and will not be suitable for use in an aqueous phase reaction.

Figure 1.1: SBA-15: left) As-prepared sample had a pore diameter of 5.5 nm and a surface
area of 959 m2 g−1 , and right) Hydrothermally treated sample in water at 200◦ C had a
surface area of 30 m2 g−1 .

Niobia has a strong surface acidity which allows for its use in the aqueous phase processing of biomass derived molecules such as butanol and lactic acid. Niobia has been
deposited as a thin film inside the pores of SBA-15 by Dumesic’s group at the University of Wisconsin. The niobia-coated SBA-15 sample had a pore diameter of 5.3 nm and
a surface area of 351 m2 g−1 . The sample was then hydrothermally treated at 200◦ C in
water had a surface area of 351 m2 g−1 , which was the same as the original niobia-coated
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SBA-15 (Figure 1.2). Since the surface area stayed the same after the hydrothermal treatment and the TEM images below showed the ordered mesopores were still present after
treatment, which was not the case with non-coated SBA-15 (Figure 1.1), it shows that the
thin film of niobia helped to improve the hydrothermal stability of SBA-15.

Figure 1.2: Niobia-coated SBA-15: left) As-prepared sample had a pore diameter of 5.3
nm and a surface area of 351 m2 g−1 , and right) Hydrothermally treated sample in water
at 200◦ C had a surface of 351 m2 g−1 .

1.3

Problem Statement

Mesoporous oxides are attractive to use as catalyst supports because they are mechanically
stable, have a large surface area, and the synthesis route is well known but they tend to react with water and lose their integrity during aqueous phase reactions at elevated temperatures. However, mesoporous oxides are not hydrothermally stable at elevated temperatures
because of grain growth and sintering which results in the loss of surface area and loss of
ordered mesoporosity. Mesoporous carbons are an attractive alternative to mesoporous
oxides because they are thermally and chemically stable except in the presence of oxygen.
The main problem with mesoporous carbons are that they lack mechanical strength and
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their pore structure cannot be as easily tailored as that of the oxide supports.
A method to integrate the properties of mesoporous oxides and mesoporous carbons
to create a hydrothermally stable catalyst support with a high surface area and ordered
mesopores is to deposit a thin layer of carbon within the pores of a mesoporous silica,
like the niobia example mentioned above (Figure 1.2). With this method the silica will be
stabilized by the carbon layer so it will go from being hydrophilic to hydrophobic with the
carbon layer present within the pores. Also with the carbon coating the mesoporous silica
the silica will retain its mechanical strength and the carbon will retain its chemical and
thermal stability. By depositing a thin layer of carbon within the pores of the mesoporous
silica the newly synthesized mesoporous carbon will still have a large surface area and still
have ordered mesopores like the original mesoporous silica.

1.4

Hypothesis

Uniformly coating mesoporous silica with a thin layer (1-2 graphene sheets) of carbon
will produce a hydrothermally stable catalyst support. Mesoporous silica has features that
are not normally available in carbon supports: a large surface area and ordered mesopores.
One method to retain the structure and high surface area of mesoporous silica, while imparting hydrothermal stability, is to uniformly coat the inside of the pores of silica with
a thin layer of carbon deposited with a carbon precursor. The carbon-coated mesoporous
silica supports will be studied using techniques such as Fourier transform infrared (FTIR)
spectroscopy to measure surface bond infrared stretching and bending vibrations, scanning electron microscopy (SEM) to observe the morphology of the surface, transmission
electron microscopy (TEM) to image the carbon within the pores and on the surface of
the silica supports, nitrogen adsorption to measure the surface area of the support and the
pore diameter of the support, and hydrothermal stability testing at elevated pressures in an
autoclave. The specific focus of this research was to investigate the bonding of the carbon
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to the silica support and to synthesize a hydrothermally stable catalyst support.
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Literature and Background

2.1

Mesoporous Silica Materials

Since 1992 when surfactant-templated mesoporous silica materials were first synthesized
[11, 12], there have been many reports of using these materials in catalysis, separations,
and sensors [13]. Mesoporous silicas have uniquely ordered pore structures with diameters between 2 and 10 nm [14, 15]. These mesoporous silicas have controllable mesopore
sizes and pore structures (2D hexagonal, bicontiuous wormhole, 3D cubic) which makes
them very attractive and practical for uses as adsorbents, catalyst supports, molecular sieve
materials, for drug delivery, and imaging [13–15]. The unique properties of these mesoporous silicas include a high surface area (>700 m2 g−1 ), a large pore volume (>0.9 cm3
g−1 ), a tunable pore size with a narrow distribution (2-10 nm), and good chemical and/or
thermal stability [13–15].
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2.2

Mesoporous Carbon Materials

Another way these mesoporous silica materials have been used was as templates to produce mesoporous carbons [1, 16]. The carbon supports produced have a large surface
area and ordered mesopores that were inherited from the template silicas. The ordered
mesoporous carbons, with the above named properties, possess important characteristics,
such as, hydrophobicity, electrical conductivity, thermal conductivity, chemical stability,
and low density [17]. One drawback of this particular process is that it is impossible, in
principle, to prepare ordered mesoporous carbons that possess the same structures as the
original mesoporous silicas. This is because of a positive-negative process in the template
method (Figure 2.1) [1]. Ryoo et al. used MCM-48, the cubic (Ia3̄d) mesoporous silica
molecular sieve, as the silica template and sucrose was used as the carbon source. Sucrose
and sulfuric acid were used to impregnate the MCM-48 template and heated to convert the
sucrose to carbon. Lastly, the silica template was removed by dissolving the silica in a
strong base and the resulting porous carbon was referred to as CMK-1 [1].
Porous carbon materials are widely used and vital in many modern-day scientific applications. Carbon technology has advanced dramatically in recent years due to continued
improvements to existing fabrication methods and developments, and introductions of new
synthetic techniques. The pore diameters of these porous carbon materials can be used to
classify the materials as microporous (pore size < 2 nm), mesoporous (2 nm < pore size <
50 nm), and/or macroporous (pore size > 50 nm). Activated carbon and carbon molecular
sieves, conventional porous carbon materials, are synthesized by pyrolysis and physical or
chemical activation of organic precursors, such as coal, wood, fruit shell, or polymers, at
elevated temperatures [17–20]. These conventional porous carbon materials usually have
relatively broad pore-size distributions in both micropore and mesopore ranges. The above
listed conventional porous carbon materials have been made in large industrial quantities,
and are used extensively in adsorption, separation, and catalysis applications [17].
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Figure 2.1: Schematic outline of the template synthesis procedure with silica molecular
sieve: (a) The mesoporous silica molecular sieve MCM-48, (b) MCM-48 after complete
carbonization within pores, and (c) CMK-1 obtained by removing the silica wall after
carbonization [1].

2.2.1

Hard Template Method

The synthesis of carbon materials with mesoporous structures by the templating method
was first done in the early 1980s by Knox and co-workers. Knox et al. reported the
synthesis of mesoporous carbons by using a spherical solid gel as the template [21, 22].
They synthesized rigid mesoporous carbon using a phenol-hexamine mixture as the carbon
precursor. Polymerization, followed by carbonization of the resulting phenolic resin inside
the pores of spherical silica gel, and then dissolution of the silica template resulted in rigid,
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spherical mesoporous carbon material with a surface area of 460-600 m2 g−1 . Knox et al.’s
approach included the following synthesis steps, these steps are often used still today in the
hard template synthesis of mesoporous carbons with well-defined mesoporous structure: a)
preparation of silica gel with controlled pore structure, b) impregnation/infiltration of the
silica template with monomer or polymer precursors, c) cross-linking and carbonization
of the organic precursors, and d) dissolution of the silica template. To further illustrate this
process the space once occupied by the host silica materials is transferred into the pores in
the resulting carbon materials, and the carbon in the pores of the host silica becomes the
continuous carbon framework (Figure 2.2) [17].

Figure 2.2: Hard template method: left) Mesoporous silica, where the pores will be filled
with the carbon precursor and then carbonized, and right) Mesoporous carbon, after the
silica template has been removed with a strong acid or base.

Research has continued since the work of Knox’s group into the template synthesis of
porous carbon materials and especially for materials with ordered porous structures. Kyotani and other researchers have synthesized porous carbon and polymer materials using
zeolites as the template materials. However, with this process the fine crystalline structure
of the zeolites was not replicated in the templated porous materials after dissolution of the
zeolite frameworks [23–25]. Recently, Kyotani et al. developed a two-step approach (impregnation followed by chemical vapor deposition (CVD)), and successfully synthesized
a microporous carbon. The resulting carbon exhibited a high surface area of 3600 m2 g−1
and micropore volume of 1.52 cm3 g−1 [26, 27].
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2.2.2

Soft Template Method

In the synthesis of ordered mesoporous oxides, amphiphilic molecules, such as surfactants
and block copolymers, have been employed as soft templates to produce these oxides.
Since the first report of mesoporous silica by researchers at the Mobil Company in 1992
[11], ordered inorganic oxides have appeared frequently in nanomaterial research. Ordered
polymeric mesoporous materials, though less popular than their inorganic cousins, have
been studied for more than two decades since the first ordered organic nanoporous materials were reported in 1988 [28]. The emergence of ordered mesoporous carbon is a natural
development in the area of mesoporous materials because of the unique physicochemical
properties of porous carbon materials, which can fill technological gaps in numerous applications that neither oxide nor polymer mesoporous materials are able to fill. However,
the synthesis of ordered mesoporous carbon materials by the self-assembly approach is
difficult to achieve [29, 30].
There are four key requirements for the successful synthesis of mesoporous carbon
materials using soft templates: 1) the ability of the precursor components to self-assemble
into nanostructures, 2) the presence of at least one pore-forming component and at least
one carbon-yielding component, 3) the stability of the pore-forming component can sustain the required temperature for curing the carbon-yielding component but can be readily
decomposed with the least carbon yield during carbonization, and 4) the ability of the
carbon-yielding component to form a highly cross-linked polymeric material that retains
its nanostructure during the decomposition or the extraction of the pore-forming component. Thus far there have only been a few materials that meet these requirements listed
above [17].
Major advances have been made by Zhao’s group in the soft template synthesis of
mesoporous carbons with triblock copolymers (PEO-PPO-PEO) templates. They reported
the self-assembly of PEO-PPO-PEO and resol mixtures and successfully removing the
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template (F127, F108, and P123) at different temperatures to produce mesoporous polymers and carbon materials [2, 3, 31, 32]. Resol is a low-molecular-weight phenolic resin
produced by reacting phenol and formaldehyde in a mole ratio of 1:1 with a base catalyst.
After neutralization with an acid, the multiple hydroxyl groups of resol provide hydrogen
bonding with the PEO moieties of the template. As a result of the microphase separation,
highly ordered mesoporous carbon materials were produced in the form of thin films and
particles after the pyrolysis of the self-assembled organic composites. In Figure 2.3, a
hypothetic mechanism is shown for the formation of FDU-14, a self-assembled triblock
copolymer and resol composite [2].

Figure 2.3: A: Possible mechanism for FDU-14 formation. B: Resol anions formed in
strong basic media [2].

In 2006 Zhao et al. published their work on the synthesis of ordered mesoporous carbon using resol as the carbon precursor and summarized the synthesis in five steps [3]. In
Figure 2.4 the five steps are illustrated: 1) the synthesis of resol, 2) formation of a surfactant/resol complex and assembly of mesostructures, 3) curing the resol by thermopolymerization, 4) removal of the template, and 5) carbonization. The three factors that affect the
morphologies of the final mesoporous carbon structures are: 1) the volume ratio of PEO to
PPO in block polymer surfactants, 2) the mixing ratio of carbon precursors to surfactants,

13

Chapter 2. Literature and Background

and 3) the carbonization conditions. By changing the mixing ratios of resols to surfactants
and the use of surfactants with different ratios of PEO and PPO, highly ordered carbons
were successfully synthesized with symmetries of two-dimensional hexagonal p6m, threedimensional bicontinuous Ia3̄d, and body-centered cubic Im3̄m symmetries [3]. However,
the poor thermal stability of these organic templates impose serious limitations on the
preparation methods, including the selection of the templates and carbon precursors. As a
result, the final form of the mesoporous carbons are limited, and the control of the mesopore size becomes difficult in comparison with the preparation of mesoporous silicas [15].

Figure 2.4: Scheme for the preparation of the ordered mesoporous polymer resins and
carbon frameworks with resol as the carbon precursor [3].
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2.3

Model Silica Spherical Materials

Monodispersed silica spheres were first synthesized by Stöber et al. in 1968 [33]. Stöber
et al. started investigating how to synthesize monodispersed silica spheres because experimental studies at the time involved the use of colloidal suspensions of hydrosols and
aerosols that were desirable to have the suspended phase consist of homogeneous particles
of uniform shape and size. At that time there had not yet been a successful method to generate monodisperse suspensions of silica particles. A commercial form of highly disperse
silica was produced at the time by combustion of silicon tetrachloride in a hydrogen torch
which produced primarily silica spheres of sizes below 0.1 µm, but the silica aggregated
into coarse and irregular clusters which caused a poorly defined state of suspension [33].

2.4

Macroporous Carbon Materials

Porous carbon materials are usually prepared by the carbonization of various carbonaceous
precursors such as wood, coal, lignite, shell, peat, and so on. However, these porous carbon
materials, usually called ‘active carbons’, are structurally disordered and have nonuniform
micropores. Therefore, the synthesis of porous carbons with controllable uniform pore
sizes in the mesopore and macropore range are extremely important for applications including using bulky organic materials. Colloidal templates have been used for the synthesis of uniform mesoporous and macroporous materials with much greater pore structures
which include polymers, inorganic oxides, and metals [34–36]. This colloidal template
approach has been used in the fabrication of porous carbons. Colloidal silica spheres 150
to 300 nm in diameter have been used to make three-dimensional macroporous carbon
replicas [37]. Yu et al. has extended this approach to synthesize uniform porous carbon
through colloidal templates of monodisperse silica spheres 30 to 100 nm in diameter by
carbonization of sugars such as sucrose or glucose as the carbon precursor in the presence

15

Chapter 2. Literature and Background

of sulfuric acid (Figure 2.5) [4]. During the same year Rao et al. prepared macroporous
carbon with three-dimensionally interconnected voids by a method similar to the method
mentioned above. Their approach involved the coating of close-packed monodisperse silica spheres with sucrose as the carbon precursor and converting the sucrose into carbon
by mild carbonization using sulfuric acid as the catalyst. The silica spheres were then
dissolved with aqueous hydrofluoric acid and the macroporous carbon materials were left
behind [38]

Figure 2.5: Synthetic strategy for making uniform porous carbons of tunable sizes through
the colloidal crystal silica template approach [4].

2.5

Mesoporous Silica/Carbon Composites

In 1988 Gierak et al. synthesized carbon-silica adsorbents (carbosils) by carbonizing
Merck Si-100 silica gel (particle size range 0.15-0.20 mm) in a dynamic reactor with
methylene chloride, CH2 Cl2 , at 400-700◦ C and then in an autoclave at 500◦ C [39]. In
2001 Gun’ko et al. used silica gel Si-60 (Merck) to synthesize pyrocarbon-silica gel samples by pyrolysis of CH2 Cl2 in a stainless steel autoclave at 550◦ C for different amounts
of time up to 6 hours, corresponding to different reacted carbon/silica (CS-i) carbosils
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with various amounts of pyrocarbon CC . Acenaphthene, C12 H10 , was also used to as a
carbon precursor to be carbonized on silica gel Si-60 in an autoclave at 500◦ C for 6 hours
and acetylacetone, C5 H8 O2 , and glucose, C6 H12 O6 , were also used as a carbon precursors
used under the same carbonization conditions as listed above [40, 41].
Kamegawa’s group in 1990 reported preparing carbon-coated silica gel by a chemical
vapor deposition (CVD) method. They placed the silica gel-4B in a quartz tubular reactor
and then heated to 800◦ C under a nitrogen gas stream. Benzene was then pumped to the
reactor while rotating the reactor so the carbon could be deposited on the silica gel [42].
The same group in 1993 reported a new method to deposit carbon on silica gel by the
cross-linked ester pyrolysis (CEP) method. The silica gel was esterified with alcohols by
placing the silica into a glass tube reactor and heated to 350◦ C in a stream of nitrogen gas.
The silica gel was then exposed to the alcohol as a liquid in the rotating reactor. Some of
the esterified silica gels were then treated with carbon tetrachloride vapor to cross-link the
RO- groups on the silica surface. The esterified and subsequently cross-linked silica gels
were heated to 700◦ C under vacuum to convert the materials into carbon-coated silica gels
(CSG) [43, 44].
Other techniques have been used to synthesize carbon-coated mesoporous silica. Zhou’s
group synthesized carbon-coated SBA-15 (a mesoporous silica) by using the tri-block
copolymer EO20PO70EO20 template as the carbon precursor. The carbon-coated SBA15 samples were fabricated by calcining the as-prepared SBA-15 under dry nitrogen flow
at various temperatures for the same period of time [45]. Zhang’s group synthesized
carbon-coated MCM-48 (a mesoporous silica) by using the incipient wetness impregnation
method with an aqueous sucrose solution to create sucrose/MCM-48 composites. Once the
composite was made the sample was dried at 90◦ C overnight and the sample was heated
to 400◦ C in flowing nitrogen [46].
Recently Nishihara’s group has claimed to coat the entire surface of SBA-15 with 2,3dihydroxynaphthalene (DN). They mixed acetone, DN, and SBA-15 in vacuum and then
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evaporated the acetone at 95◦ C. The mixture of SBA-15 and DN was then heated to 300◦ C
under nitrogen and they claimed at this step the liquid DN was allowed to react with the
SBA-15 through a dehydration reaction between the silanol groups on the pore surface
of the SBA-15 and the hydroxyl groups of DN. The DN that was not reacted at 300◦ C
was washed off with excess acetone and the DN-coated SBA-15 was then heated to 800◦ C
under nitrogen to carbonize the DN in the silica pores (Figure 2.6) [15]. Nishihara’s group
has also tried this with FSM-16, a mesoporous silica [5]. The major issue with this group’s
work is there is no definitive evidence that the carbon within the pores of the mesoporous
silica is actually graphene sheets like they claim.

Figure 2.6: A scheme of the uniform carbon-coating process: a) Mesoporous silica and its
pore surface image. There are many silanol groups (Si-OH) on the silica mesopore surface.
A dehydration reaction between the silanol group and the 2,3-hydroxynaphthalene (DN)
was conducted at 300◦ C to chemically bond DN to the silica mesopore surface. After a
thorough acetone washing, b) DN-coated mesoporous silica was obtained. Finally, the
DN was carbonized at 800◦ C to form a thin layer of carbon and then, c) Carbon-coated
mesoporous silica was prepared [5].
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3.1

3.1.1

Experimental

Synthesis of Silica Supports

Model Silica Supports

The model silica supports used in these studies were Stöber spheres [33]. These Stöber
spheres were synthesized by first mixing 27.26 mL of ammonium hydroxide, 14.4 mL of
deionized water, and 100 mL of ethanol for five minutes in the fume hood. Then 6.2 mL
of tetraethyl orthosilicate (TEOS) was added to the mixture and stirred vigorously for two
hours. The silica solution was then vacuum filtered and washed with deionized water. The
Stöber spheres were then allowed to air dry overnight.
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Mesoporous Silica Supports
The mesoporous silica supports used in these studies was SBA-15 [47]. The SBA-15 was
synthesized by dissolving 4.0 g of Pluronic P123 surfactant in 30 mL of deionized water
and 120 mL of 2M hydrochloric acid. To help the Pluronic P123 surfactant dissolve heat
was administered to the solution. Then 9.2 mL of tetraethyl orthosilicate (TEOS) was
added to the solution and stirred for five minutes. The solution was then put into a static
Nalgene bottle for 20 hours in a water bath of 35◦ C. After the solution had sat for 20 hours
the as-prepared SBA-15 was vacuum filtered and washed with deionized water. The SBA15 was then allowed to dry overnight. After the as-prepared SBA-15 was dried overnight
the SBA-15 was calcined in air at 500◦ C for 12 hours at a ramp rate of 5◦ C min−1 to
remove the Pluronic P123 surfactant.

3.1.2

Synthesis of Carbon-Coated Silica Supports

Model Silica/Carbon Composites
The Stöber spheres were completely coated with 2,3-dihydroxynaphthalene (DN) or sucrose, as the carbon precursor. To prepare the Stöber spheres coated with DN, the DN
was dissolved in acetone in a beaker exposed to air on the bench top and then the Stöber
spheres were added to the solution. The weight loading of DN on the Stöber spheres prepared was 12 wt.% DN (9 wt.% carbon). The mixture was then mixed for several hours at
room temperature until all of the acetone evaporated. The resulting solid mixture of Stöber
spheres and DN was then heat treated at 200◦ C, 300◦ C, 400◦ C, and 800◦ C for two hours
under nitrogen flow to see if DN was bound to the hydroxyl groups on the surface of the
Stöber spheres (Figure 3.1).
To prepare the Stöber spheres coated with sucrose, the sucrose was dissolved in deionized water in a beaker exposed to air on the bench top and then the Stöber spheres were

20

Chapter 3. Materials and Methods

Figure 3.1: Proposed schematic of coating Stöber spheres with DN: left) Stöber spheres
and its surface silanol groups (Si-OH) going through a dehydration reaction between the
silanol group and the DN, middle) The dehydration is being completed at 300◦ C to chemically bond DN to the silica surface, and right) After a thorough acetone wash a DN-coated
Stöber sphere was obtained.

added to the solution. The weight loading of sucrose on the Stöber spheres prepared was
20 wt.% sucrose (9 wt.% carbon). The mixture was then mixed for several hours at room
temperature until all of the deionized water evaporated. The resulting solid mixture of
Stöber spheres and sucrose was then heat treated at 200◦ C, 300◦ C, and 400◦ C for two
hours under nitrogen flow to see if sucrose was bound to the hydroxyl groups on the surface of the Stöber spheres (Figure 3.2).

Mesoporous Silica/Carbon Composites
Coating SBA-15 with Carbon by Evaporation in Air
The SBA-15 was completely coated with 2,3-dihydroxynaphthalene (DN) or sucrose, as
the carbon precursor. To prepare the SBA-15 coated with DN, the DN was dissolved in
acetone in a beaker exposed to air on the bench top and then the SBA-15 was added to the
solution. The weight loading of DN on the SBA-15 prepared was 80 wt.% DN (60 wt.%
carbon). The mixture was then mixed for several hours at room temperature until all of
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Figure 3.2: Proposed schematic of coating Stöber spheres with sucrose: left) Stöber
spheres and its surface silanol groups (Si-OH) going through a dehydration reaction between the silanol group and the sucrose, middle) The dehydration is being completed at
300◦ C to chemically bond sucrose to the silica surface, and right) After a thorough deionized water wash a sucrose-coated Stöber sphere was obtained.

the acetone evaporated. The resulting solid mixture of SBA-15 and DN were then heat
treated at 200◦ C, 300◦ C, and 400◦ C for two hours under nitrogen flow to see if DN bound
to the hydroxyl groups on the surface and in the pores of the SBA-15. The SBA-15 and
DN sample heated to 300◦ C was then washed with acetone to wash away any unreacted
DN. Then the washed sample was heat treated under nitrogen flow to 800◦ C for two hours
to carbonize DN in the silica pores (Figure 3.3). The SBA-15 coated with DN heated
to 300◦ C and 800◦ C was also hydrothermally treated in deionized water at 200◦ C in an
autoclave.
To prepare the SBA-15 coated with sucrose, the sucrose was dissolved in deionized
water in a beaker exposed to air on the bench top and then the SBA-15 was added to the
solution. The weight loading of sucrose on the SBA-15 prepared was 80 wt.% sucrose (35
wt.% carbon). The mixture was then mixed for several hours at room temperature until
all of the deionized water evaporated. The resulting solid mixture of SBA-15 and sucrose
were then heat treated at 200◦ C, 300◦ C, and 400◦ C for two hours under nitrogen flow to
see if sucrose bound to the hydroxyl groups on the surface and in the pores of the SBA-15.
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The SBA-15 and sucrose sample heated to 300◦ C was then washed with acetone to wash
away any unreacted sucrose. Then the washed sample was heat treated under nitrogen flow
to 800◦ C for two hours to carbonize sucrose in the silica pores (Figure 3.4).

Coating SBA-15 with Carbon by Vacuum Drying
The SBA-15 was completely coated with 2,3-dihydroxynaphthalene (DN) or sucrose, as
the carbon precursor. To prepare the SBA-15 coated with DN, the DN was dissolved in
acetone and then the SBA-15 was added to the solution in a three-neck round-bottom flask
connected to a cold trap that is connected to a vacuum pump (Figure 3.5). The weight
loading of DN on the SBA-15 prepared was 34 wt.% DN (25 wt.% carbon). The mixture
was then mixed for several hours at room temperature until all of the acetone evaporated.
The resulting solid mixture of SBA-15 and DN were then heat treated at 200◦ C, 300◦ C,
and 400◦ C for two hours under nitrogen flow to see if DN bound to the hydroxyl groups
on the surface and in the pores of the SBA-15. The SBA-15 and DN sample heated to
300◦ C was then washed with acetone to wash away any unreacted DN. Then the washed
sample was heat treated under nitrogen flow to 800◦ C for two hours to carbonize DN in
the silica pores (Figure 3.3). The SBA-15 coated with DN heated to 300◦ C and 800◦ C was
also hydrothermally treated in deionized water at 200◦ C in an autoclave.
To prepare the SBA-15 coated with sucrose, the sucrose was dissolved in deionized
water and then the SBA-15 was added to the solution in a three-neck round-bottom flask
connected to a cold trap that is connected to a vacuum pump (Figure 3.5). The weight
loading of sucrose on the SBA-15 prepared was 44 wt.% sucrose (20 wt.% carbon). The
mixture was then mixed for several hours at room temperature until all of the deionized
water evaporated. The resulting solid mixture of SBA-15 and sucrose were then heat
treated at 200◦ C, 300◦ C, and 400◦ C for two hours under nitrogen flow to see if sucrose was
bound to the hydroxyl groups on the surface and in the pores of the SBA-15. The SBA-15
and sucrose sample heated to 300◦ C was then washed with deionized water to wash away
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Figure 3.3: Proposed schematic of coating SBA-15 with DN: left) SBA-15 and its surface
silanol groups (Si-OH) going through a dehydration reaction between the silanol group
and the DN, middle left) The dehydration is being completed at 300◦ C to chemically bond
DN to the silica surface, middle right) After a thorough acetone wash a DN-coated SBA-15
was obtained, and right) The DN was carbonized at 800◦ C to form a thin layer of carbon
and carbon-coated silica was obtained.

any unreacted sucrose. Then the washed sample was heat treated under nitrogen flow to
800◦ C for two hours to carbonize sucrose in the silica pores (Figure 3.4).

Figure 3.4: Proposed schematic of coating SBA-15 with Sucrose: left) SBA-15 and its
surface silanol groups (Si-OH) going through a dehydration reaction between the silanol
group and the sucrose, middle left) The dehydration is being completed at 300◦ C to chemically bond sucrose to the silica surface, middle right) After a thorough acetone wash a
sucrose-coated SBA-15 was obtained, and right) The sucrose was carbonized at 800◦ C to
form a thin layer of carbon and carbon-coated silica was obtained.
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Figure 3.5: Schematic of coating SBA-15 with carbon by vacuum drying in a three-neck
round-bottom flask connected to a cold trap that is connected to a vacuum pump.

3.2

Characterization

Different characterization techniques were used to study the silica/carbon composites. To
measure the surface bonds infrared stretching and bending vibrations of certain functional
groups were observed with a Nicolet 6700 Fourier Transform Infrared (FTIR) Spectrometer. Weight loss over time and temperature was measured with a TA Instruments SDT
Q600 Thermogravimetric Analysis (TGA). Surface area of the supports were measured by
nitrogen adsorption on a Micromeritics Gemini 2360 Surface Area Analyzer. Surface area
and pore diameter were determined by nitrogen adsorption on a Quantachrome Autosorb1. Scanning electron microscopy (SEM) was used to image the Stöber spheres on a Hitachi
S-5200 Nano SEM. Transmission electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM), scanning transmission electron microscopy (STEM),
and energy filtered transmission electron microscopy (EFTEM) images were taken on a
JEOL 2010 FEG/TEM/STEM. Hydrothermal treatments were carried out in deionized wa-

25

Chapter 3. Materials and Methods
ter at 200◦ C under pressure in a Parr Instruments Series 4560 Mini Bench Top Reactor.
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Carbon Coated Model Silica Supports

These model silica/carbon composite samples were prepared by mixing a carbon precursor
with the model silica supports, Stöber spheres, and a solvent. The solvent was then evaporated on the bench exposed to air. The results in this section will show whether a carbon
coating was able to be formed on the surface of the Stöber spheres. In later sections, these
results will be compared to the carbon coatings formed on the mesoporous silica supports,
SBA-15.

4.1

Stöber Spheres

The diameter of the Stöber spheres were determined by the SEM and Gatan DigitalMicrograph. The size of the Stöber spheres were 796 ± 25 nm in diameter according to Gatan
DigitalMicrograph (Figure 4.1). The images were analyzed by calibrating the image from
the number of pixels to the length of the scale bar. The diameter of the spheres were then
measured with the line tool and the length was determined by the calibration of the image.
Nitrogen adsorption was also performed on the Stöber spheres to measure the surface
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Figure 4.1: SEM images of Stöber spheres: left) Lower magnification of the spheres to
show they are monodispersed, and right) Higher magnification of the spheres to show the
spheres are uniform in size and shape, and mostly free of defects.

area. The surface area of the Stöber spheres was 9 m2 g−1 . The surface area was determined by the Brunauer-Emmett-Teller (BET) method which uses a modified Langmuir’s
mechanism, which is a theory for monolayer molecular adsorption, to determine the surface area of a sample. The key assumption used to derive the BET equation is that the
successive heats of adsorption for all layers except the first layer are equal to the heat of
condensation of the adsorbate. The BET isotherm works best for physisorption of nonmicroporous surfaces, so it works well for these studies [48]. The diameter of the spheres
was also used to estimate the surface area by using the equation: S =

6
.
ρd

Where 6 is used

because the shape of the silica, ρ is the density of silica, and d is the diameter of the silica
spheres. From this equation the surface area was estimated to be 3 m2 g−1 , which is close
to the measured surface area of the Stöber spheres.
Thermogravimetric Analysis (TGA) was performed on the pure Stöber spheres to measure the weight loss of the support over time and temperature in a controlled nitrogen atmosphere. Measurements are used mostly to determine the composition of the material
and to predict the thermal stability of the material at elevated temperatures. Figure 4.2
shows the weight percent loss and the heat flow in the instrument during the experiment.
On the TGA spectrum of the Stöber spheres at 100◦ C the adsorbed water on the surface
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desorbs, at 200◦ C the unreacted tetraethyl orthosilicate (TEOS) was removed from the
support, and after heating to 1000◦ C 85 wt.% of the spheres were still present.
Fourier Transform Infrared (FTIR) Spectroscopy was performed on the Stöber spheres
to measure the vibrations of the functional groups on the surface of the spheres. Figure 4.2
is a spectrum of the Stöber spheres that was collected with an Attenuated Total Reflectance
(ATR) attachment. The spectrum of the Stöber spheres shows the symmetric O-H stretch
is at 3432 cm−1 , the O-H stretch in H2 O is at 1630 cm−1 , the asymmetric Si-O-Si stretch
is at 1102 cm−1 , the symmetric Si-OH stretch is at 952 cm−1 , the symmetric Si-O-Si
stretch is at 802 cm−1 , the Si-O bending is at 550 cm−1 , and the Si-O-Si bending is at 474
cm−1 (Table 4.1). With the ATR technique the infrared beam samples a surface by internal
reflection of the light. The sample of interest is then placed on the surface and the infrared
light penetrates the surface via the evanescent field.

Figure 4.2: Stöber spheres: left) TGA of Stöber spheres at 100◦ C the adsorbed water on the
surface desorbs, at 200◦ C the unreacted tetraethyl orthosilicate (TEOS) was removed from
the support, and after heating to 1000◦ C the 85 wt.% of the spheres were still present, and
right) FTIR spectrum of Stöber spheres. The values of the bending and stretching modes
are in Table 4.1.

The Fourier Transform Infrared (FTIR) Spectrometer was used to measure the concentration of the hydroxyl groups on the surface of the Stöber spheres using a Diffuse
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FTIR Absorption Frequencies: Stöber Spheres
Bonding
Frequency (cm−1 )
Si-O-Si bending
474
Si-O bending
550
Si-O-Si symmetric stretching 802
Si-OH symmetric stretching
952
Si-O-Si asymmetric stretching 1102
O-H stretching in H2 O
1630
O-H symmetric stretching
3432
Table 4.1: Infrared absorption frequencies of Stöber spheres.

Reflectance Infrared Fourier Transform (DRIFT) cell. Figure 4.3 is a spectrum of the
Stöber spheres heated to different temperatures under N2 flow that was collected with the
DRIFT cell. Diffuse Reflectrance occurs when light impinges on the surface of a material and is partially reflected and transmitted. Light that passes into the material may be
absorbed or reflected out of the cell again. The radiation that reflects from an absorbing
material is composed of surface reflected and bulk re-emitted components, these summed
are the diffuse reflectance of the sample.

From the DRIFT cell data the concentration of the hydroxyl groups on the surface
of the Stöber spheres were measured. The unheated Stöber spheres were considered to
have a concentration of 1.00 of hydroxyl groups and the Stöber spheres heated to 900◦ C
were considered to have a concentration of 0.00 of hydroxyl groups (Figure 4.3). All
the hydroxyls on the surface of the Stöber spheres were completely gone after heating to
600◦ C.
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Figure 4.3: FTIR DRIFT: left) Spectrum of Stöber spheres heated to different temperatures, the concentration of the hydroxyl groups was measured (3700-2200 cm−1 ), and
right) Graph of the concentration of the hydroxyl groups on the surface of Stöber spheres
heated to different temperatures.

4.2
4.2.1

Stöber Spheres/Carbon Coatings
Stöber Spheres Coated with 2,3-dihydroxynaphthalene (DN)

Thermogravimetric Analysis (TGA) was performed on 2,3-dihydroxynaphthalene (DN) to
measure the weight loss of the support over time and temperature. Figure 4.4 shows the
weight percent loss and the heat flow in the instrument during the experiment. The TGA
spectrum of DN shows the melting point of DN is at 163◦ C where there is a peak in the
heat flow, at 285◦ C is where DN decomposes and there is also a peak in the heat flow at
that point, and after heating to 500◦ C all DN is completely gone.
TGA was also performed on the Stöber spheres coated with DN by the evaporation of
the solvent exposed to air method to measure the weight loss of the support over time and
temperature. Figure 4.4 shows the weight percent loss and the heat flow in the instrument
during the experiment. The TGA spectrum of the Stöber spheres coated with DN shows
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the melting point of DN is at 163◦ C where there is a peak in the heat flow, at 300◦ C is
where DN decomposes and there is also a peak in the heat flow at that point, and after
heating to 1000◦ C only silica is present.

Figure 4.4: TGA of DN: left) TGA of DN the melting point of DN is at 163◦ C where
there is a peak in the heat flow, at 285◦ C is where DN decomposes and there is also a peak
in the heat flow at that point, and after heating to 500◦ C all DN is completely gone, and
right) TGA of Stöber spheres coated with DN, at 100◦ C the adsorbed water on the surface
desorbs, the melting point of DN is at 163◦ C where there is a peak in the heat flow, at
300◦ C is where DN decomposes and there is also a peak in the heat flow at that point, and
after heating to 1000◦ C only silica is present.

Fourier Transform Infrared (FTIR) Spectroscopy was performed on the Stöber spheres
coated with DN to measure the vibrations of the functional groups on the surface of the
spheres. Figure 4.5 is a spectrum of the Stöber spheres coated with DN that was collected
with an attenuated total reflectance (ATR) attachment. The silica stretching and bending
modes are in Table 4.1. The carbon stretching and bending modes are: the O-H stretch
are isolated peaks at 3600 cm−1 and broad O-H stretch at 3200-3500 cm−1 , the C-H arene
stretch is at 3030 cm−1 , the C=C arene stretch are isolated peaks at 1450 and 1600 cm−1 ,
the C-O alcohol stretch is at 1200-1250 cm−1 , and the C-H arene bends are isolated peaks
at 750 and 900 cm−1 (Table 4.2.1). For the sample heated to 800◦ C it shows there is no
carbon present on the surface of the Stöber spheres but at temperatures below 800◦ C the
carbon is bound to the surface of the Stöber spheres (Figure 4.5).
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Figure 4.5: FTIR spectrum of Stöber spheres coated with DN: blue) Stöber spheres, violet)
as prepared Stöber spheres coated with DN, green) Stöber spheres coated with DN heated
to 200◦ C in N2 , cyan) Stöber spheres coated with DN heated to 300◦ C in N2 , fuchsia)
Stöber spheres coated with DN heated to 400◦ C in N2 and red) Stöber spheres coated with
DN heated to 800◦ C in N2 .

Transmission electron microscopy (TEM), scanning transmission electron microscopy
(STEM), and energy filtered transmission electron microscopy (EFTEM) were used to
image the Stöber spheres coated with DN that were heated to 300◦ C in N2 . The STEM
images of the Stöber spheres coated with DN are in Figure 4.6. STEM is a microscopy
technique where an electron beam is focused into a narrow spot which is then scanned
FTIR Absorption Frequencies: Carbon Bonds for DN
Bonding
Frequency (cm−1 )
C-H arene bending
750, 900
C-O alcohol stretching 1200-1250
C=C arene stretching
1450, 1600
C-H arene stretching
3030
O-H broad stretching
3200-3500
O-H isolated stretching 3600
Table 4.2: Infrared absorption frequencies of carbon bonds for DN.
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over the sample in a raster.
The TEM and EFTEM images were overlaid to emphasize where the carbon is located
on the Stöber spheres. The TEM/EFTEM image of the Stöber spheres coated with DN are
in Figure 4.6. TEM uses an electron beam that is transmitted through an ultra thin sample,
interacting with the sample as the electrons pass through. An image is then formed from
the interaction of the electrons transmitted through the sample and the image is magnified
and focused onto an imaging device, such as a CCD camera. EFTEM is a technique used
in TEM where only electrons of a particular kinetic energy are used to form an image and
all other energies are filtered out. This technique was used to aid in chemical analysis of
the carbon-coated Stöber spheres. From the TEM/EFTEM composite image it has been
shown that there is a thin layer of carbon on the surface of the Stöber spheres.

Figure 4.6: Stöber spheres coated with DN heated to 300◦ C in N2 : left) STEM image,
the rough looking area at the top of the image are amorphous pieces of carbon, and right)
TEM/EFTEM composite image, the blue color around the spheres are the carbon coatings
acquired by EFTEM.

From the data above it has been shown that carbon in the form of DN can be bound to
the surface of Stöber spheres. The TGA showed the melting point of DN to be at 163◦ C,
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at 300◦ C the DN decomposed, and at 1000◦ C only silica was present. The FTIR spectra
showed carbon was still present on the surface of the Stöber spheres when heated to lower
temperatures. The STEM image also showed there was carbon present on the surface of
the Stöber spheres. The TEM/EFTEM composite image clearly shows there was a thin
layer of carbon on the surface of the Stöber spheres.

4.2.2

Stöber Spheres Coated with Sucrose

Thermogravimetric Analysis (TGA) was performed on sucrose to measure the weight loss
of the support over time and temperature. Figure 4.7 shows the weight percent loss and the
heat flow in the instrument during the experiment. The TGA spectrum of sucrose shows
the melting point of sucrose is at 190◦ C where there is a peak in the heat flow, at 247◦ C
is where sucrose decomposes there is also a peak in the heat flow at that point, and after
heating to 1000◦ C not all of the sucrose is gone.
TGA was also performed on the Stöber spheres coated with sucrose by the evaporation of the solvent exposed to air method to measure the weight loss of the support over
time and temperature. Figure 4.7 shows the weight percent loss and the heat flow in the
instrument during the experiment. The TGA spectrum of the Stöber spheres coated with
sucrose shows the melting point of sucrose is at 190◦ C where there is a peak in the heat
flow, at 250◦ C where sucrose decomposes there is also a peak in the heat flow at that point,
and after heating to 1000◦ C a small amount of carbon is left.
Fourier Transform Infrared (FTIR) Spectroscopy was performed on the Stöber spheres
coated with sucrose to measure the vibrations of the functional groups on the surface of
the spheres. Figure 4.8 is a spectrum of the Stöber spheres coated with sucrose that was
collected with an attenuated total reflectance (ATR) attachment. The silica stretching and
bending modes are in Table 4.1. The carbon stretching and bending modes are: the O-H
stretch are isolated peaks at 3600-3650 cm−1 and broad O-H stretch at 3200-3500 cm−1 ,
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Figure 4.7: TGA of sucrose: left) TGA of sucrose, the melting point of sucrose is at 190◦ C
where there is a peak in the heat flow, at 247◦ C is where sucrose decomposes and there
is also a peak in the heat flow at that point, and after heating to 1000◦ C not all sucrose
is completely gone, and right) Stöber spheres coated with sucrose, at 100◦ C the adsorbed
water on the surface desorbs, the melting point of sucrose is at 190◦ C where there is a peak
in the heat flow, at 250◦ C is where sucrose decomposes and there is also a peak in the heat
flow at that point, and after heating to 1000◦ C not all the carbon is gone.

the C-H arene stretch is at 3030 cm−1 , the C-H -CH2 - bending is at 1450-1475 cm−1 , the
C-O ether stretch is at 1200-1250 cm−1 , the C-O alcohol stretch is at 1000-1100 cm−1 ,
and the C-H arene bends are isolated peaks at 750 and 900 cm−1 (Table 4.2.2). For the
sample heated to 400◦ C it shows there is carbon still present on the surface of the Stöber
spheres (Figure 4.8).
Transmission electron microscopy (TEM), scanning transmission electron microscopy
(STEM), and energy filtered transmission electron microscopy (EFTEM) were used to
image the Stöber spheres coated with sucrose that were heated to 300◦ C in N2 . The STEM
images of the Stöber spheres coated with sucrose are in Figure 4.9.
The TEM and EFTEM images were overlaid to emphasize where the carbon is located
on the Stöber spheres. The TEM/EFTEM images of the Stöber spheres coated with sucrose
are in Figure 4.10. From the TEM/EFTEM composite images it has been shown that there
is a thin layer of carbon on the surface of the Stöber spheres.
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Figure 4.8: FTIR spectrum of Stöber spheres coated with sucrose: blue) Stöber spheres,
violet) as prepared Stöber spheres coated with sucrose, green) Stöber spheres coated with
sucrose heated to 200◦ C in N2 , cyan) Stöber spheres coated with sucrose heated to 300◦ C
in N2 , and red) Stöber spheres coated with sucrose heated to 400◦ C in N2 .

The Stöber spheres that were heated to 300◦ C in nitrogen were then rehydrated by sitting in deionized water for two days (Figure 4.11). The Stöber spheres that were coated
with sucrose and heated to 300◦ C in nitrogen were also rehydrated by the same method
as the pure Stöber spheres (Figure 4.11). The Stöber spheres that were heated to 300◦ C
showed that after rehydration in deionized water the hydroxyl stretching band (3400 cm−1 )
FTIR Absorption Frequencies: Carbon Bonds for Sucrose
Bonding
Frequency (cm−1 )
C-H arene bending
750, 900
C-O alcohol stretching 1000-1100
C-O ether stretching
1200-1250
C-H -CH2 - bending
1450-1475
C-H arene stretching
3030
O-H broad stretching
3200-3500
O-H isolated stretching 3600-3650
Table 4.3: Infrared absorption frequencies of carbon bonds for sucrose.
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Figure 4.9: STEM images of Stöber spheres coated with sucrose heated to 300◦ C in N2 .
The bright amorphous areas by the Stöber spheres are amorphous carbon pieces.

increased in size. This meant that after rehydration the hydroxyl concentration increased
dramatically on the surface. The same was not shown for the Stöber spheres that were
coated with sucrose and heated to 300◦ C, the hydroxyl band increased in size but not
as much as the pure Stöber spheres. This showed that the carbon layer had successfully
stopped the surface from easily rehydroxylating again and it also showed the surface became more hydrophobic once the carbon layer was on the surface of the Stöber spheres.
From the FTIR DRIFT cell data it showed that after heating the Stöber spheres to
600◦ C there were no hydroxyl groups present on the surface for the carbon to bind with,
which explains why after heating to higher temperatures there was no carbon on the surface of the Stöber spheres. From the other data above it has been shown that carbon in
the form of DN and sucrose can be bound to the surface of Stöber spheres. The TGA
data showed that the Stöber spheres coated with DN had no carbon present after heating
to 1000◦ C and the Stöber spheres coated with sucrose had a small amount of carbon still
present after heating to 1000◦ C. The FTIR spectra showed carbon was still present on
the surface of the Stöber spheres when heated to temperatures below 800◦ C. The STEM
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Figure 4.10: TEM/EFTEM composite images of Stöber spheres coated with sucrose
heated to 300◦ C in N2 . The blue color around the Stöber spheres is the carbon coatings on
the spheres acquired by EFTEM.

images also showed there was carbon present on the surface of the Stöber spheres. The
TEM/EFTEM composite images clearly shows there was a thin layer of carbon on the
surface of the Stöber spheres. This study has successfully shown that carbon from different carbon precursors can be bound to the surface of Stöber spheres and that the surface
became more hydrophobic with the carbon layer present.
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Figure 4.11: FTIR of Stöber spheres: left) blue) Stöber spheres heated to 300◦ C, and red)
Stöber spheres heated to 300◦ C and rehydrated in deionized water and, right) blue) Stöber
spheres coated with sucrose heated to 300◦ C, and red) Stöber spheres coated with sucrose
heated to 300◦ C and rehydrated in deionized water.
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Carbon Coated Mesoporous Silica
Supports
These mesoporous silica/carbon composite samples were prepared by two different methods. The first was by mixing a carbon precursor with the mesoporous silica supports,
SBA-15, and a solvent. The solvent was then evaporated on the bench exposed to air. The
other method was prepared by vacuum drying the mixture of the carbon precursor, SBA15, and the solvent. The results in this section will show whether a carbon coating was
able to be formed on the surface and within the pores of the SBA-15.

5.1

SBA-15

Nitrogen adsorption was performed on the SBA-15 to measure the surface area and the
pore diameter of the support. The surface area of the SBA-15 was measured to be 590 m2
g−1 using a Micromeritics Gemini 2360 Surface Area Analyzer utilizing the BET nitrogen
adsorption method to determine the surface area of SBA-15. The surface area of the SBA15 was measured to be 585 m2 g−1 with a pore diameter of 4.2 nm using Quantachrome
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Autosorb-1 utilizing the BET nitrogen adsorption method in combination with the BarrettJoyner-Halenda (BJH) nitrogen adsorption method to determine the surface area and pore
diameter of SBA-15, respectively (Figure 5.1). The BJH method uses nitrogen adsorption
data to calculate the volume and area of porous adsorbents. This method is used to calculate the mesopore distribution of the pores of the mesoporous material being analyzed,
in this case SBA-15. The pore volume and area distribution of the sample is determined
directly from the desorption isotherm [49].

Figure 5.1: Nitrogen Adsorption of SBA-15: left) Isotherm (black) adsorption isotherm
and (red) desorption isotherm, and right) Pore radius determined from the adsorption
isotherm.

Scanning transmission electron microscopy (STEM) and high resolution transmission
electron microscopy (HRTEM) were used to image the SBA-15 to ensure a hexagonally
ordered mesoporous silica support was formed. The STEM images of the SBA-15 are
in Figure 5.2. HRTEM is an imaging mode of TEM that images the crystallographic
structure of a sample at the atomic scale. This imaging technique was used to image the
crystallographic structure of SBA-15 in Figure 5.3.
Thermogravimetric Analysis (TGA) was performed on the uncalcined and calcined
SBA-15 to measure the weight loss of the support over time and temperature in a controlled
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Figure 5.2: STEM images of SBA-15.

nitrogen atmosphere. Measurements are used mostly to determine the composition of the
material and to predict the thermal stability of the material at elevated temperatures. Figure
5.4 shows the weight percent loss and the heat flow in the instrument during the experiment
of the uncalcined and calcined SBA-15. On the TGA spectrum of the uncalcined SBA-15
shows at 100◦ C the adsorbed water on the surface desorbs, at 200◦ C the Pluronic P123
surfact was removed from the support, and after heating to 1000◦ C 40 wt.% of the SBA15 was still present. The TGA spectrum of the calcined SBA-15 shows at 100◦ C the
adsorbed water on the surface desorbs, between 200◦ and 1000◦ C the unreacted Pluronic
P123 surfactant was removed from the support, and after heating to 1000◦ C 93 wt.% of
the SBA-15 was still present.
Fourier Transform Infrared (FTIR) Spectroscopy was performed on the SBA-15 to
measure the vibrations of the functional groups on the surface of the silica. Figure 5.5 is
a spectrum of the SBA-15 that was collected with an Attenuated Total Reflectance (ATR)
attachment. The uncalcined SBA-15 and calcined SBA-15 were compared to show the
surfactant was completely burned off the silica support. On the spectrum of the SBA-15
shows the symmetric O-H stretch is at 3500-3740 cm−1 , the template Pluronic P123 is at
2900-3000 cm−1 , the O-H stretch in H2 O is at 1630 cm−1 , the asymmetric Si-O-Si stretch
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Figure 5.3: HRTEM images of SBA-15.

is at 1082 cm−1 , the symmetric Si-OH stretch is at 950 cm−1 , the symmetric Si-O-Si
stretch is at 797 cm−1 , the Si-O bending is at 550 cm−1 , and the Si-O-Si bending is at 465
cm−1 (Table 5.1). With the ATR technique the infrared beam samples a surface by internal
reflection of the light. The sample of interest is then placed on the surface and the infrared
light penetrates the surface via the evanescent field.
FTIR Absorption Frequencies: SBA-15
Bonding
Frequency (cm−1 )
Si-O-Si bending
465
Si-O bending
550
Si-O-Si symmetric stretching 797
Si-OH symmetric stretching
950
Si-O-Si asymmetric stretching 1082
O-H stretching in H2 O
1630
Template Pluronic P123
2900-3000
O-H symmetric stretching
3500-3740
Table 5.1: Infrared absorption frequencies of SBA-15.

The Fourier Transform Infrared (FTIR) Spectrometer was used to measure the concentration of the hydroxyl groups on the surface of the SBA-15 using a Diffuse Reflectance
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Figure 5.4: TGA of SBA-15: left) Uncalcined SBA-15, at 100◦ C the adsorbed water on
the surface desorbs, at 200◦ C the Pluronic P123 surfact was removed from the support,
and after heating to 1000◦ C 40 wt.% of the SBA-15 was still present, and right) Calcined
SBA-15, at 100◦ C the adsorbed water on the surface desorbs, between 200◦ and 1000◦ C
the unreacted Pluronic P123 surfactant was removed from the support, and after heating
to 1000◦ C 93 wt.% of the SBA-15 was still present.

Infrared Fourier Transform (DRIFT) cell. Figure 5.6 is a spectrum of the SBA-15 heated to
different temperatures under N2 flow that was collected with the DRIFT cell. Diffuse Reflectrance occurs when light impinges on the surface of a material and is partially reflected
and transmitted. Light that passes into the material may be absorbed or reflected out of the
cell again. The radiation that reflects from an absorbing material is composed of surface
reflected and bulk re-emitted components, these summed are the diffuse reflectance of the
sample.
From the DRIFT cell data the concentration of the hydroxyl groups on the surface of
the SBA-15 was measured. The unheated SBA-15 were considered to have a concentration
of 1.00 of hydroxyl groups and the SBA-15 heated to 900◦ C were considered to have a
concentration of 0.00 of hydroxyl groups (Figure 5.6). All the hydroxyls on the surface
of the SBA-15 were completely gone after heating to 600◦ C but it is likely that hydroxyl
groups are still present within the pores of the SBA-15.
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Figure 5.5: FTIR spectrum of SBA-15, blue) uncalcined SBA-15 as-prepared, and red)
calcined SBA-15. The values of the bending and stretching modes are in Table 5.1.

5.2
5.2.1

SBA-15/Carbon Coatings
SBA-15 Coated with 2,3-dihydroxynaphthalene (DN)

Thermogravimetric Analysis (TGA) was performed on 2,3-dihydroxynaphthalene (DN) to
measure the weight loss of the support over time and temperature in the previous section.
Then TGA was performed on the SBA-15 coated with DN by the evaporation of the solvent
exposed to air method to measure the weight loss of the support over time and temperature.
Figure 5.7 shows the weight percent loss and the heat flow in the instrument during the
experiment. The TGA spectrum of the SBA-15 coated with DN shows the melting point of
DN is at 163◦ C where there is a peak in the heat flow, at 300◦ C is where DN decomposes
and there is also a peak in the heat flow at that point, and after heating to 1000◦ C a small
amount of carbon was still present.
Fourier Transform Infrared (FTIR) Spectroscopy was performed on the SBA-15 coated
with DN to measure the vibrations of the functional groups on the surface of the silica. Fig-

46

Chapter 5. Carbon Coated Mesoporous Silica Supports

Figure 5.6: FTIR DRIFT: left) Spectrum of SBA-15 heated to different temperatures, the
concentration of the hydroxyl groups was measured (3700-2200 cm−1 ), and right) Graph
of the concentration of the hydroxyl groups on the surface of SBA-15 heated to different
temperatures.

ure 5.7 is a spectrum of the SBA-15 coated with DN that was collected with an attenuated
total reflectance (ATR) attachment. The silica stretching and bending modes are in Table
5.1. The carbon stretching and bending modes are: the O-H stretch are isolated peaks at
3600 cm−1 and broad O-H stretch at 3200-3500 cm−1 , the C-H arene stretch is at 3030
cm−1 , the C=C arene stretch are isolated peaks at 1450 and 1600 cm−1 , the C-O alcohol
stretch is at 1200-1250 cm−1 , and the C-H arene bends are isolated peaks at 750 and 900
cm−1 (Table 4.2). For the sample heated to 300◦ C it shows there is carbon still present on
the surface of the SBA-15 (Figure 5.7).
Nitrogen adsorption using the BET method was performed on the SBA-15 coated with
DN to measure the surface area (Table 5.2.1). From the data it shows that when SBA-15
is heated to a high temperature the surface area decreases by a little more than half. As
when the samples are coated with DN the surface area decreases from the original SBA-15
sample, which is expected because the surface is getting covered with carbon. When the
SBA-15 was coated with DN and heated to 800◦ C the surface area was close to the purely
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Figure 5.7: SBA-15 coated with DN: left) TGA, at 100◦ C the adsorbed water on the surface
desorbs, the melting point of DN is at about 163◦ C where there is a peak in the heat flow, at
about 300◦ C is where DN decomposes and there is also a peak in the heat flow at that point,
and after heating to 1000◦ C a small amount of carbon was still present, and right) FTIR
spectrum: blue) SBA-15, violet) as prepared SBA-15 coated with DN, and red) SBA-15
coated with DN heated to 300◦ C in N2 .

heated SBA-15 but still lower because the carbon is coating the SBA-15.
Surface Area of SBA-15
Sample
SBA-15
SBA-15 and DN As-Prepared
SBA-15 and DN Heated to 300◦ C
SBA-15 and DN Heated to 400◦ C
SBA-15 and DN Heated to 800◦ C
SBA-15 and DN Heated to 800◦ C, HT at 200◦ C
SBA-15 Heated to 900◦ C

Surface Area
590 m2 g−1
118 m2 g−1
343 m2 g−1
402 m2 g−1
213 m2 g−1
358 m2 g−1
278 m2 g−1

Table 5.2: The surface area of SBA-15 coated with DN. (HT: Hydrothermal Treatment)

SBA-15 coated with DN that was heated to 300◦ C under N2 and then heated to 800◦ C
under N2 to form a thin layer of carbon on the surface and in the pores of the SBA-15. The
SBA-15 coated with DN sample heated to 300◦ C had a surface area of 343 m2 g−1 which
may imply that the carbon is filling some of the pores of the SBA-15. Once the sample was
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then heated to 800◦ C the surface area decreased to 213 m2 g−1 which means the carbon
is most likely not completely filling the pores but rather coating the inside of the pores
and the organic groups present on the sample were burned off at this temperature. The
SBA-15 coated with DN heated to 300◦ C and then heated to 800◦ C was hydrothermally
treated in an autoclave in 10 mL of deionized water at 200◦ C for 1 hour. The surface area
of the hydrothermally treated sample was 358 m2 g−1 . The increase in the surface area
may be due to a change from a smooth surface texture to a rough surface texture after the
hydrothermal treatment. This has shown that SBA-15 coated with DN has been stabilized
for hydrothermal treatments. FTIR spectra was taken of SBA-15 coated with DN before
and after the hydrothermal treatment (Figure 5.8).

Figure 5.8: FTIR spectrum of SBA-15 coated with DN: blue) SBA-15, violet) SBA-15
coated with DN heated to 300◦ C, green) SBA-15 coated with DN heated to 300◦ C and
800◦ C, and red) SBA-15 coated with DN heated to 300◦ C and 800◦ then hydrothermally
treated in deionized water at 200◦ C.

From the data above it has been shown that carbon in the form of DN can be bound
to the surface of SBA-15. The TGA data for SBA-15 coated with DN showed the melting
point of DN to be at 163◦ C, at 300◦ C the DN decomposed, and at 1000◦ C a small amount
of carbon was still present. The FTIR spectra showed carbon was still present on the
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surface of the SBA-15 when heated to elevated temperatures. It was also shown that the
SBA-15 coated with DN was hydrothermally stable because the surface area of the support
was retained.

5.2.2

SBA-15 Coated with Sucrose

Thermogravimetric Analysis (TGA) was performed on sucrose to measure the weight loss
of the support over time and temperature in the previous section. Then TGA was performed on the SBA-15 coated with sucrose by the evaporation of the solvent exposed to
air method to measure the weight loss of the support over time and temperature. Figure 5.9
shows the weight percent loss and the heat flow in the instrument during the experiment.
The TGA spectrum of the SBA-15 coated with sucrose shows the melting point of sucrose
is at 190◦ C where there is a peak in the heat flow, at 250◦ C is where sucrose decomposes
and there is also a peak in the heat flow at that point, and after heating to 1000◦ C a small
amount of carbon was still present.
Fourier Transform Infrared (FTIR) Spectroscopy was performed on the SBA-15 coated
with sucrose to measure the vibrations of the functional groups on the surface of the silica.
Figure 5.9 is a spectrum of the SBA-15 coated with sucrose that was collected with an
attenuated total reflectance (ATR) attachment. The silica stretching and bending modes are
in Table 5.1. The carbon stretching and bending modes are: the O-H stretch are isolated
peaks at 3600-3650 cm−1 and broad O-H stretch at 3200-3500 cm−1 , the C-H arene stretch
is at 3030 cm−1 , the C-H -CH2 - bending is at 1450-1475 cm−1 , the C-O ether stretch is at
1200-1250 cm−1 , the C-O alcohol stretch is at 1000-1100 cm−1 , and the C-H arene bends
are isolated peaks at 750 and 900 cm−1 (Table 4.3). For the sample heated to 300◦ C it
shows there is carbon still present on the surface of the SBA-15 (Figure 5.9).
Nitrogen adsorption was performed on the SBA-15 coated with sucrose to measure the
surface area (Table 5.2.2). From the data it shows that when SBA-15 is heated to a high
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Figure 5.9: SBA-15 coated with sucrose: left) TGA, at 100◦ C the adsorbed water on the
surface desorbs, the melting point of sucrose is at 190◦ C where there is a peak in the heat
flow, at 250◦ C is where sucrose decomposes and there is also a peak in the heat flow at that
point, and after heating to 1000◦ C a small amount of carbon was still present, and right)
FTIR spectrum: blue) SBA-15, violet) as prepared SBA-15 coated with sucrose, and red)
SBA-15 coated with sucrose heated to 300◦ C in N2 .

temperature the surface area decreases by a little more than half. When the samples were
coated with sucrose the surface area decreases from the original SBA-15 sample, which is
expected because the surface is getting covered with carbon. When the SBA-15 was coated
with sucrose and heated to 400◦ C the surface area was close to the purely heated SBA-15
but still higher because the carbon is coating the SBA-15 and the SBA-15 structure is more
stable at 400◦ C than at 900◦ C.
Surface Area of SBA-15
Sample
SBA-15
SBA-15 and Sucrose As-Prepared
SBA-15 and Sucrose Heated to 200◦ C
SBA-15 and Sucrose Heated to 300◦ C
SBA-15 and Sucrose Heated to 400◦ C
SBA-15 Heated to 900◦ C

Surface Area
590 m2 g−1
118 m2 g−1
121 m2 g−1
166 m2 g−1
346 m2 g−1
278 m2 g−1

Table 5.3: The surface area of SBA-15 coated with sucrose.
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From the FTIR DRIFT cell data it showed that after heating the SBA-15 to 600◦ C
there were no hydroxyl groups present on the surface for the carbon to bind with, but it
was likely that hydroxyl groups were still present within the pores of the SBA-15 for the
carbon to bind with. From the other data above it has been shown that carbon in the form
of DN and sucrose can be bound to the surface and within the pores of SBA-15. The TGA
data showed that SBA-15 coated with DN and sucrose had a small amount of carbon still
present after heating to 1000◦ C. The FTIR spectra showed carbon was still present on the
surface of the SBA-15 when heated to elevated temperatures. It has also been shown that
SBA-15 coated with DN has been stabilized for hydrothermal treatments. This study has
successfully shown that carbon from different precursors can be bound to the surface and
within the pores of SBA-15.
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Two types of silica supports were studied, a model silica support (Stöber spheres) that consists of spherical particles of silica which make it easy to see the carbon coating and a high
surface area mesoporous silica (SBA-15). These silica supports were coated with two different carbon precursors (2,3-dihydroxynaphthalene (DN) and sucrose). The FTIR spectra
of the pure Stöber spheres showed that after heating the spheres to 600◦ C there were no
hydroxyl groups present on the surface for the carbon to bind with, which explains why
after heating to temperatures higher than 600◦ there was no carbon bound to the surface
of the Stöber spheres. Heating the carbon precursors in an pure nitrogen atmosphere in
a thermogravimetric analyzer (TGA) showed complete loss of DN after heating to 500◦ C
while the pure sucrose showed some of the carbon survived up to 1000◦ C, which means
sucrose is more thermally stable than DN. The TGA data of the Stöber spheres coated with
DN showed carbon was not present on the surface of the Stöber spheres after heating to
1000◦ C. The TGA data of the Stöber spheres coated with sucrose showed that most of the
carbon was gone by 400◦ C but a a small amount of carbon was still present after heating
to 1000◦ C.
The FTIR spectra of the Stöber spheres coated with DN showed that carbon was still
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present on the surface of the spheres when heated to lower temperatures but once it was
heated to elevated temperatures all the carbon was removed from the surface. The FTIR
spectra of the Stöber spheres coated with sucrose showed that carbon was also still present
on the surface of the spheres when heated to lower temperatures. The STEM images of
both the DN and sucrose coated Stöber spheres also showed there was carbon present on
the surface of the Stöber spheres after heating lower temperatures. The TEM/EFTEM
composite images clearly shows there was a thin layer of carbon on the surface of the
Stöber spheres after heating to lower temperatures for both the DN and sucrose coated
Stöber spheres. This study successfully showed carbon from different carbon precursors
(DN and sucrose) were chemically bound to the surface of Stöber spheres at lower temperatures. It was also shown that by depositing a thin layer of carbon on the surface of the
Stöber spheres it became more hydrophobic in nature.
Mesoporous silica supports (SBA-15) were coated with the same carbon precursors as
the Stöber spheres (DN and sucrose). The FTIR spectra of the pure SBA-15 showed that
after heating the SBA-15 to 600◦ C there were no hydroxyl groups present on the surface
for the carbon to bind with, but internal hydroxyls were still likely present within the pores
of the SBA-15. The TGA data of the SBA-15 coated with DN showed that most of the
carbon was gone by 300◦ C but a small amount remained even after heating to 1000◦ C. The
TGA data of the SBA-15 coated with sucrose showed that most of the carbon was gone
by 400◦ C but a small amount remained even after heating to 1000◦ C. The FTIR spectra
of the SBA-15 coated with DN showed that carbon was still present on the surface of the
SBA-15 after heating to lower temperatures, elevated temperatures, and after hydrothermal
treatments. The FTIR spectra of the SBA-15 coated with sucrose showed that carbon was
still present on the surface of the SBA-15 after heating to lower temperatures.
The surface area of SBA-15 was determined by nitrogen adsorption and the surface
of pure SBA-15 was determined to be 590 m2 g−1 . The pure SBA-15 was heated to an
elevated temperature to determine its thermal stability and the surface area was determined
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to be less than half the original surface area of SBA-15. The decrease in surface area was
likely due to grain growth and sintering of the silica support and pure SBA-15 was shown
to not be thermally stable. When the SBA-15 was coated with DN or sucrose and heated to
lower temperatures the surface area decreased from the original SBA-15 because the pores
were getting filled with carbon. As the SBA-15 coated with DN or sucrose was heated to
higher temperatures the surface area started to increase due to the carbon precursor being
decomposed. The SBA-15 that was coated with DN and heated to elevated temperatures
had a surface area close to the SBA-15 heated to an elevated temperature but the DN
coated SBA-15 was still lower because the carbon was coating the SBA-15. The SBA15 coated with DN that was heated to an elevated temperature was also hydrothermally
treated and the surface area was retained after the hydrothermal treatment. This study has
successfully shown that carbon from different carbon precursors (DN and sucrose) were
chemically bound to the surface and within the pores of SBA-15 at elevated temperatures.
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Future Work

The next step for this project would be to synthesize hydrothermally stable catalysts for
a specific biorenewable acid catalyzed reaction, such as converting 1,2,6-hexanetriol (a
biorenewable platform chemical) to 1,6-hexanediol (a biorenewable chemical product) in
an aqueous environment at 200◦ C. These hydrothermally stable catalysts will be synthesized by depositing nanosized metal on the supports. The nanosized metal particles that
could ultimately be used to produce the hydrothermally stable catalysts are Au, Pt-Re,
Pt-Mo, for example. The hydrothermally stable catalysts produced will then need be
tested for catalytic activity, selectivity, conversion, and hydrothermal stability. The catalytic activity of the catalyst will be measured by its turnover frequency (TOF), moles of
1,2,6-hexanetriol converted per mole of surface Au (for example) and per second. The
selectivity of the catalyst will be measured by the molar ratio of 1,6-hexanediol to 1,2,6hexanetriol converted. The conversion of the reaction will be monitored with high performance liquid chromatography (HPLC) because HPLC will easily separate these chemicals
in aqueous phase. The hydrothermal stability of the catalyst will be tested in the same way
the supports were tested, in an autoclave heated to 200◦ C in deionized water.
The morphology of the carbon support could also be varied to generate novel sites for
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the nucleation and stabilization of the nanosized metal particles. This will create more stable catalysts in the aqueous phase. Once the nanosized metal particles are stabilized within
the pores of the support the biorenewable chemical reaction will be able to benefit from
the mesoporous structure of the support by allowing the biorenewable platform chemical
to enter into the pores but will only be allowed to exit the pores once it has been reacted
into the biorenewable chemical product.
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